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Conventional and Efficient
Crosslinking of Natural Rubber
Effect of Heterogeneities on the Physical Properties
Crosslinking, Vulcanisation  Natural
rubber  Physical properties
The scope of this article is to study the
sulphur vulcanisation of natural rubber
in the presence as accelerator of N cy-
clohexyl 2 benzothiazyl sulfenamide
(CBS). Two series of compounds were
prepared with conventional and efficient
cured systems. Experimental results in-
dicates that abstraction of allylic hydro-
gen and addition to the double bonds can
act as a mechanism for crosslinking. The
addition reaction may give rise to a
polymerisation reaction between adja-
cent double bonds that generating a
heterogeneous network with effects a on
the physical properties of the vulcani-
zates.
The vulcanisation of natural rubber (NR) by
sulphur in presence of organic accelerator is
a complicated process. The mechanism of
vulcanisation and its acceleration depends
on the structure of the rubber, type and
concentration of accelerators and activators
(zinc oxide and fatty acid) and on the ther-
modynamics of each particular reaction.
The chemistry of vulcanisation is complex
and the resulting crosslinks may be
mono-, di-, tri- or higher poly-sulphides,
with a proportion which is amon others lar-
gely determined by the vulcanisation sys-
tem, the cure time and the temperature.
As it was shown [1], the vulcanisation rate
and crosslink concentration increase if the
amount of sulfenamide accelerator is in-
creased while the sulphur is kept constant.
The accelerator increases the rate of cure
and the efficiency with which sulphur is
used in crosslinking compared to side reac-
tions. The sulphur/accelerator ratio is parti-
cularly important in determining the type of
crosslink formed. High sulphur levels, e.g., 2
to 3.5 parts phr, and low levels of accelera-
tor, 0.5 to 1 parts phr, are called conven-
tional systems, and at optimum cure the
vulcanizate contains mostly polysulphidic
crosslinks with relatively high level of chain
modification. Low sulphur levels, 0.25 to 0.7
parts phr, with high accelerator levels, 2.5 to
5 parts phr, will give mainly monosulsulphi-
dic crosslinks and much less chain modifica-
tion. They are therefore known as efficient
systems.
There is already a strong evidence that the
vulcanisation of diene rubbers proceeds by
the sequence of many reactions. The active
sulfurating agent is produced by a multi-
step reaction. The first step involves the re-
action of zinc oxide, fatty acid and accelera-
tor to produce the polysulphidic species.
Campbell and Wise [2] havefound that
with sulfenamide accelerated sulphur vul-
canisation, the sulfenamide concentration
decreased rapidly in the induction period
and crosslinking did not occur until the sul-
fenamide was consumed. They concluded
that the sulfenamide was not the effective
accelerator, but that the products derived
from it were the active sulfurating agents,
such as the 2-bis-benzothiazole-2,2-polysul-
phide (Bt-Sx-NR2 , where Bt = benzothiazole
group). Also, Coran [3] proposed in the ki-
netic study of NR with MBTS or sulfenamide
accelerators, that the initial reaction takes
place between the accelerator and sulphur
to produce a polysulphidic species, that
could then react with the rubber chain to
form pendent groups. Once the sulfena-
mide accelerator is consumed, the crosslink-
ing Process is rapid due to the high concen-
trations of pendent groups.
It is clearly demonstrated that many factors
determine the tensile strength in an un-
filled compound. An important factor is
the ability of the vulcanizate to crystallise
(e.g., the natural rubber). Other important
factors are the network chain density and
the chemical nature of the crosslink. Green-
smith et al. [4] related the tensile strength
with the crosslink density, and observed
that the tensile strength passes through a
maximum value with increasing crosslink
density. They also reported that the tensile
strength of a NR gum decreased according
to the mechanism of vulcanisation in the
sequence accelerated sulphur> sulphurless
> peroxide > high energy radiation. This
observation permitted Mullins [5] to con-
clude that the tensile strength depends
on the type of crosslink present, decreasing
in the order: polysulphidi> di and monosul-
phidic> carbon-carbon, in the inverse order
to the bond strength of the weakest bond.
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Vernetzungseffizienz von
Naturkautschuk
Effekt der Heterogenita¨ten auf die
physikalischen Eigenschaften
Vernetzung  Naturkautschuk  physika-
lische Eigenschaften
Ziel der vorliegenden Arbeit ist es die
Schwefelvernetzung in Gegenwart von
CBS zu untersuchen. Zwei Gruppen von
Compounds wurden jeweils mit einem
„conventional‘‘ und einem „efficient‘‘
Vernetzungssystem vulkanisiert. Die ex-
perimentellen Ergebnisse zeigen, dass
die Abstraktion von Allylprotonen und
die Addition an Doppelbindungen als
Mechanismen der Vernetzung in Frage
kommen. Die Additionsreaktion kann
eine Polymerisation benachbarter Dop-
pelbindung auslo¨sen, so dass ein het-
erogenes Netzwerk entsteht welches die
physikalischen Eigenschaften beein-
flusst.
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Mullins suggested also that the weakest
bond is labile and able to break under stress,
thus giving a yield mechanism for the dissi-
pation of stress at the critical point of fail-
ure. However, there is experimental evi-
dence that does not agree with this hypoth-
esis. Effectively, Lal [6] demonstrated that
the tensile strength in natural rubber
does not depend at all on the type of sul-
phur crosslinks. Polysulphidic crosslinks
were systematically converted in diand
monosulphidic and the tensile strength of
both treated and untreated rubbers appar-
ently were similar at the same crosslink
densities. With these arguments it can
not be explained that the tensile strength
depends of the type of crosslink or its labi-
lity.
In order to understand the macroscopic
properties of a vulcanizated elastomer, it
is necessary to control the crosslink network
structure, that is differed by four para-
meter: 1) number of crosslink, 2) spatial dis-
tribution of the crosslinks, 3) crosslink func-
tionality and 4) proportion of entangle-
ment. Gonzalez et al. [7 – 10], proposed
that during the crosslinking reaction of
NR with dicumyl peroxide a chain radical
can be produced by proton abstraction or
an addition reaction to the double bond,
that lead to crosslink radical coupling di-
rectly or after adding same chain double
bonds. The latter causes a „polymerisation‘‘
process, and therefore formation of clusters
(or poly functional crosslinks). These clus-
ters could be considered as high crosslink
areas that inhibit the correct stress distribu-
tion, accumulating higher stress areas
where micro-crack can be formed and crack
propagation is increased.
In this framework, the purpose of this paper
is to study the sulphur vulcanisation of NR
accelerator with N cyclohexyl-2-benzothia-
zyl sulfenamide (CBS). Two series of com-
pounds of CBS/Sulphur were prepared.
One series with „conventional vulcanisa-
tion‘‘ (CV) system with a CBS/S8 ratio of
0.2, which gives essentially polysulphidic
crosslink. Another series with „efficient vul-
canisation (EV) system with CBS/S8 ratio of
12, which mainly produces monosulphidic
crosslinks. The concentration of the vulca-
nising ingredients was progressively in-
creased in order to enlarge the crosslink
density. In the present paper our attention
is mainly directed to study the influences of
vulcanisation system on the physical prop-
erties.
Experimental
Materials
All compounds are based on standardised
natural rubber (NR, SIR 3CV60), provided
by Standard Indonesian Rubber, Indone-
sian. Crosslinking was done using N-cyclo-
hexyl-2-benzothiazyl sulfenamide (CBS)
provided by Flexsys (Belgium) as accelera-
tor. The zinc oxide (Zinkoxyd aktiv) was sup-
plied by Bayer AG (Germany), and stearic
acid, commercial grade, by Undesa (Spain).
Table 1 and Table 2 give details of the pre-
pared compounds.
Blending and curing
The masterbatches were compounded on a
two-roll mill, at a temperature of 40 – 50C.
Measurements of degree of curing were
conducted in a Monsanto Moving Die Rhe-
ometer, Model MDR 2000E, (Alpha Technol-
ogies, Wiltshire, U.K.) All samples were
cured in a thermo-fluid press at their re-
spective optimum cure times.
Physical testing
Tensile strength tests were performed a
room temperature on an Instron 4301 uni-
versal testing machine, (Instron Ltd., Buckin-
ghamshire, U.K.) with a grip separation
speed of 50 cm/min. The tests samples
were cut out from the vulcanised sheets
using a microtensile dumbbell-type die
(ISO 34, method C). All tensile results re-
ported are the average values of five tests.
Determination of crosslinking density
Equilibrium swelling in toluene, laboratory
grade (Merk), was used to determine the
crosslink density of different compounds.
Test samples were placed in reagent grade
toluene and allowed to reach the equilli-
brium swelling at 30C ( 3 days). The sam-
ples were blotted with tissue paper and
weighed on an analytical balance to nearest
10–4 g, then dried in a vacuum oven for 24 h
at 60C to completely remove the solvent,
and reweighed. The vr value (volume frac-
tion of polymer in the swollen sample)
was calculated by use of Equation 1:
vr 
1
1 qrqs 
WSÿWD
WD
 1
were qs and qr are the densities of solvent
and rubber and WS and WD, the weight of
the swollen and dried samples, respectively.
The crosslink density of the cured com-
pounds was obtained by using the Flory-Re-
hner equation [11]. The polymer-solvent in-
teraction, v, was considered from de equa-
tion v  0:44 0:18 vr.
Results and discussion
The formulation for the compounds are gi-
ven in Table 1 for the conventional vulcani-
sation, and Table 2 for the efficient vulcani-
sation. The crosslinking process was mea-
sured with an oscillating rheometer that de-
rives the elastic, S 0 , and viscous, S 00, compo-
nents. Figure 1 shows the elastic modulus
S 0 for different conventional compounds
cured at 160C. The torque increases with
the concentration of the vulcanising ingre-
dients and displays a decreasing plateau in-
dicating that the formed crosslinks are ther-
mally unstable. This has been attributed to
the cleavage of polysulphidic crosslink, that
have less thermal stability. Figure 2 shows
the loss modulus S 00 for three conventional
compounds that present the usually ex-
pected behaviour during the whole cross-
link process.
Figure 3 shows the elastic modulus S 0 for
the different efficient compounds cured
also at 160C. With an efficient system
the process of reversion disappears, be-
&1 Composition of the compounds cured with conventional system (phr)
Compounds 1 2 3 4 5 6 7 8 9 10
NR 100 100 100 100 100 100 100 100 100 100
ZnO 5 5 5 5 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2 2 2 2 2
CBS 0.30 0.36 0.42 0.48 0.54 0.60 0.66 0.72 0.78 0.84
Sulphur 1.5 1.8 2.1 2.4 2.7 3.0 3.3 3.6 3.9 4.2
&2 Composition of the compounds cured with efficient system (phr).
Compounds 1 2 3 4 5 6 7 8 9 10
Natural rubber 100 100 100 100 100 100 100 100 100 100
Zinc oxide 5 5 5 5 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2 2 2 2 2
CBS 3.0 3.6 4.2 4.8 5.4 6.0 6.6 7.2 7.8 8.4
Sulphur 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
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cause the crosslinks are essentially di- and
monosulphidic. The maximum torque in-
creases with the content of CBS and S8.
The compounds 8, 9 and 10 shows unex-
pected reversion process, considering that
the crosslinks are preferentially monosul-
phidic. However, this reversion process is
different to the reversion due to cleavage
of polysulphidic crosslinks. Figure 4 shows
&1
&1 MDR rheometer curves of the elastic shear modulus, S 0, for
conventional compounds cured at 160C, a oscillation frequency
of 1.66 Hz and an amplitude of 0.58
&2
&2 MDR rheometer curves of the viscous shear modulus, S 00, for
conventional compounds cured at 160C, a oscillation frequency
of 1.66 Hz and an amplitude of 0.58
&3
&3 MDR rheometer curves of the elastic shear modulus, S 0, for
efficient compounds cured at 160C, a oscillation frequency of
1.66 Hz and an amplitude of 0.58
&4
&4 MDR rheometer curves of the viscous shear modulus, S 00, for
efficient compounds cured at 160C, a oscillation frequency of
1.66 Hz and an amplitude of 0.58
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the loss modulus S 00 for efficient com-
pounds. The samples 1 to 5 show the ex-
pected behaviour, while the 8, 9 and 10
compounds are surprising, with a signifi-
cant S 00 increase. These elevated values of
loss modulus lead us to suppose that cracks
were developing in the rheometer die under
shear deformation [9].
The cure data obtained for the conventional
and efficient compounds cured at 160C are
given in Table 3 and 4. Figure 5 shows cross-
link density as a function of torque S 0 in-
crease (DT) for conventional and efficient
compounds. As can be observed, the con-
ventional compounds show a linear varia-
tion of crosslink density as a function of
the torque. Nevertheless, the efficient com-
pounds display, for similar crosslink density,
higher torque values. A stiffer network can
support the argument that in NR crosslink-
ing with efficient vulcanisation, system ra-
dical addition to the double bond occurs,
producing a ‘polymerisation’ reaction which
generates small volumes of densely cross-
linked polymer. The rheometer detects in-
creases in network stiffness, while the
crosslink density measured by swelling is
unable to discriminate. The sulfenamide ac-
celerator (represented as Bt-S-NR2, for an ar-
bitrary amine) undergoes thermal scission
yielding Bt-S and NR2 radicals. The Bt-S
can react with the double bond of the iso-
prene units [12] with the incorporation of
accelerator moiety into the rubber structure
followed by ‘polymerisation’ (SCHEME 1).
Figure 6 shows the tensile strength for all
compounds cured at 160C for their opti-
mum times. The shape of the curves are
the usual, the tensile strength passes
through a maximum value with the increas-
ing crosslink density The behaviour of the
conventional compounds corresponds to a
&3 Cure parameters, physical properties and crosslink densities of conventional compounds cured a
160C
Compounds 1 2 3 4 5 6 7 8 9 10
DT, dNm 4.87 6.00 6.95 7.94 8.58 9.69 10.12 11.22 11.98 12.70
Optimum time, t97, min 9.0 8.6 7.9 7.7 7.3 7.7 7.8 7.0 7.0 6.8
Dt2, min 4.4 3.8 3.3 3.1 2.8 2.6 2.6 2.5 2.4 2.3
Modulus 100, MPa 0.40 0.90 1.14 1.16 2.00 2.20 2.30 2.60 2.90 3.40
Modulus 300, MPa 1.30 1.40 1.50 1.60 2.00 2.20 2.30 2.60 2.90 3.40
Modulus 500, MPa 2.50 2.80 3.00 3.20 3.50 4.00 4.20 8.90 9.90 11.00
Tensile strength, MPa 9.5 15.0 20.2 24.8 23.2 27.0 27.2 26.5 27.5 26.6
Elongation at break, % 840 850 835 850 830 820 830 750 710 700
Tear strength, N 43.7 55.4 65.3 67.1 63.1 61.5 55.8 31.6 27.1 27.3
Crosslink density,
m:104, mol/cm3
0.73 0.90 1.09 1.25 1.29 1.46 1.53 1.79 1.91 1.99
&4 Cure parameters, physical properties and crosslink densities of efficient compounds cured a 165C
Compounds 1 2 3 4 5 6 7 8 9 10
DT, dNm 5.45 6.67 7.41 8.34 8.85 9.41 9.78 10.91 11.48 11.93
Optimum time, t97, min 24.0 22.0 21.9 19.3 19.7 18.8 18.8 18.4 16.2 16.9
Dt2, min 10.7 9.9 9.7 8.7 8.6 9.5 8.4 7.1 7.3 7.6
Modulus 100, MPa 0.44 0.50 0.60 0.70 0.75 0.80 0.85 0.90 0.92 0.94
Modulus 300, MPa 0.95 1.05 1.24 1.35 1.50 1.77 1.80 1.92 1.97 2.25
Modulus 500, MPa 1.80 2.10 3.02 3.70 4.10 4.68 5.10 5.83 6.20 6.50
Tensile strength, MPa 7.50 11.0 11.7 11.8 14.2 13.8 14.7 13.1 14.8 11.6
Elongation at break, % 800 795 790 730 700 660 630 600 620 560
Tear strength, N 29.0 44.0 41.0 26.1 19.5 19.0 18.2 17.0 15.4 14.5
Crosslink density,
m:104, mol/cm3
0.82 0.96 1.06 1.13 1.26 1.33 1.40 1.50 1.52 1.57
&5
&5 Variation of torque S 0 increment (DT) with the crosslink density of
the conventional (*) and efficient (&) compounds, cured at 160 C
for their optimum cure time
&6
&6 Variation of tensile strength with crosslink density of the
conventional (*) and efficient (&) compounds, cured at 160 C
for their optimum cure time
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network with homogeneous crosslink distri-
bution able to crystallise under stress lead-
ing to a high tensile strength. However, the
performance of the efficient compounds is
significantly lower for all crosslink densities
studied. These compounds, possibly present
a non homogeneous network due to the ex-
istence of densely crosslink zones that have
a negative effect on the physical properties
[13].
An analysis to explain the cure behaviour of
NR with sulfenamide in conventional sys-
tems was postulated by Gradwell et al.
[14]. The free radical formation is assumed
and the reaction mechanism can be the fol-
lowing:
Bt ÿ Sÿ NR2 $ Bt ÿ S    NR2
2Bt ÿ S $ Bt ÿ Sÿ Sÿ Bt
Bt ÿ S  Bt ÿ Sÿ Sÿ Bt ! Bt ÿ Sÿ Bt
Bt ÿ Sÿ S
Bt ÿ Sÿ S  Bt ÿ Sÿ Sÿ Bt !
Bt ÿ Sÿ Bt  Bt ÿ Sÿ Sÿ S
The last reaction suppose the formation of
the polysulphidic species via recombination
of radicals. Also the radical reacts with ele-
mental sulphur to form longer radical
Bt ÿ S  S8 ! Bt ÿ Sÿ S8
Bt ÿ Sx  S8 ! Bt ÿ Sx8
In general, the importance of the free radi-
cal reaction in the different accelerator spe-
cies in absence or presence of sulphur is out-
standing. However an obvious concern is
the stability of the free radical intermedi-
ates. Many workers have postulated a big-
ger stability of the higher molecular weight
radicals due to resonance stabilisation [15 –
16]. If the Bt ÿ Sx radicals are sufficiently
stabilised with respect to the Bt ÿ S specie,
it may be possible to detect different reac-
tion forms with the rubber. These polysul-
phidic species could then react with the rub-
ber chain to form pendent groups by accep-
tance of hydrogen from amethylene groups
of the rubber molecule (SCHEME 2).
this macro-radicals can react
R  R ! Rÿ R
R  Bt ÿ Sx ! Rÿ SxBt ! Rÿ Sy  
Bt ÿ S2
Rÿ Sy  rubber! Rÿ Sy ÿ R
The network obtained with the conven-
tional cure system will be formed preferen-
tially by homogeneously distributed poly-
sulphidic and carbon-carbon crosslinks.
Figure 7 and 8 show the elongation at break
and tear strength as a function of the cross-
link density. Both physical properties corre-
spond in one case to the behaviour of a net-
work with the ability to crystallise (conven-
tional cure), and on the other case to com-
pounds that contain impediments to crys-
tallisation introduced during the efficient
vulcanisation.
In general, the physical properties of both
types of systems are very different (tables 3
and 4). In conventional networks, the cross-
links must be uniformly distributed in the
material (SCHEME 2). In contrast, the com-
pounds crosslinked by an efficient cure sys-
tem demonstrates a heterogeneous cross-
&7 Variation of
elongation at
break with
crosslink density
of the conven-
tional (*) and
(&) ecient com-
pounds, cured at
160 C for their
optimum cure
time
&8 Variation of tear
strength with
the crosslink
density of the
conventional (*)
and ecient (&)
compounds,
cured at 160 C
for their opti-
mum cure time
&7
&8
SCHEME 1
SCHEME 2
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link distribution, with over-crosslinked do-
mains embedded in less crosslinked poly-
mer (SCHEME 1). This over-crosslinked do-
mains (cluster) generate stress accumula-
tions which are responsible for the lower
stress level and tear strength values when
compared with networks with a uniform
distribution of the crosslinks sites. Figure 9
shows the network models proposed.
In a hypothetical perfect network, as in Fig-
ure 9a, the junctions show homogeneous
functionality and spatial distribution,
where the chains in the network will bear
similar stress when the material is continu-
ously deformed. In this type of network, the
force arriving to a junction will be quickly
transferred to the chains that emerge
from it.
Figure 9b shows a heterogeneous network
model, that can be attributed to the fact
that in the cure process, radical species
can initiate a polymerisation reaction
with double bonds of adjacent chains.
This model of crosslinked rubber presents
zones with high crosslinked density, consid-
ered as junctions of elevated functionality.
When the stress that bear a chain is arriving
to one of this junctions, the load is not ra-
pidly transferred, and generates accumula-
tions of stress. Some chains in this cluster
surpass the critical stress levels and their
rupture is focalised in such a way that an-
ticipated material rupture is induced (Figur-
e 9c). This can explain the significantly low-
er tensile and tear strength of efficient com-
pounds.
Conclusions
Unfilled NR was cured with two different
sulphur vulcanisation systems, conven-
tional and efficient, and their physical prop-
erties compared.
The conventional cure system has shown
reversion at all contents, whereas the tor-
que for the efficient cure system has
reached a plateau level. In the latter, at
high accelerator/sulphur ratios (above
7.2/0.6 parts) a decay in S 0 takes place after
some time. The torque varies linearly with
the crosslink density for the conventional
cure system, whereas for the efficient
cure system the relationship departs from
the linearly increasing torque values which
are characteristic for the conventional cure
system.
The physical properties namely tensile
strength, tear strength and elongation at
break are superior for the conventional
cure system at similar crosslink density va-
lues. These results are explained by differ-
ences in the vulcanisation mechanism of
the two cure systems. The conventional
cure system produces a homogeneous net-
work. On the other hand, the efficient cure
system produces a significant ‘polymerisa-
tion’ of double bonds of adjacent chains
leading to a network of unevenly distri-
buted crosslinks and resulting in impedi-
ment to NR crystallisation and stress con-
centration that anticipates the compound
failure.
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